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E-mail address: j.hulleman@hull.ac.ukSeveral theories and models of visual search assume that inhibitory tagging of items is used to improve
the efﬁciency of the search process, by discouraging revisits of previously inspected and rejected items.
Therefore, search should become less efﬁcient when the search display consists of moving items. In four
experiments this hypothesis was tested.
In the ﬁrst two experiments there was no difference between search amongst static and moving items
even though motion conditions were blocked (Experiment 1), or displays contained up to 36 items
(Experiment 2). However, in Experiments 3 and 4, where the items used in the search display forced
the participants to keep track of individual items performance dropped when the items moved.
Visual search showed a remarkable robustness against motion, which current theories and models of
visual search have difﬁculties to describe. Taken together, the results reported here indicate that there
is a difference between the processes used in easier search and those used in search where items need
to be individuated. A framework encompassing these results is proposed.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Inhibitory tagging of locations plays an important role in many
serial models of visual search (e.g. Heinke & Humphreys, 2003; Itti
& Koch, 2000; Wolfe, 1994). The case for inhibitory tagging was
ﬁrst made by Klein (1988). He combined the distinction between
feature and serial search made by Treisman and Gelade (1980)
and the work on inhibition of return (IOR) by Posner and Cohen
(1984) into the proposal that IOR operates in serial visual search.
In particular, Klein (1988) suggested that during serial search an
inhibitory tag is attached to the location of a distractor, to prevent
re-inspections. He argued that this would increase search efﬁ-
ciency. Klein (1988) tested his proposal by comparing the detec-
tion times of luminance probes presented after parallel and serial
search tasks. Probes were presented either at a location previously
occupied by a search item (on-probe) or at a previously empty
location (off-probe). He reported a larger reaction time difference
between on-probes and off-probes in the serial task. Klein (1988)
interpreted this as evidence that, during serial search, attention
had visited the location of the item, established that it was not
the target, and moved on to the next location, leaving an inhibitory
tag to prevent re-inspection. Although Wolfe and Pokorny (1990)
failed to replicate Klein’s (1988) results, subsequent studies (Klein
& MacInnes, 1999; Müller & vonMühlenen, 2000; Takeda and Yagi;ll rights reserved.2000; Snyder & Kingstone, 2007) have been taken to provide evi-
dence for the role of inhibitory tagging in visual search.
Until recently, the only major dissenting voice came from Horo-
witz and Wolfe (1998) who reported evidence from an experiment
where items were randomly relocated every 111 ms (dynamic con-
dition), or stayed in the same location (static condition). Relocation
of the items should impede the inhibitory tagging system, but
Horowitz andWolfe (1998) found that search slopes on present tri-
als were the same in the dynamic and in the static condition. For
several reasons (identical target present and target absent slopes
for the dynamic condition; more errors in the dynamic condition;
slower reaction times overall in the dynamic condition) the results
from Horowitz and Wolfe (1998) have been challenged by a num-
ber of authors (Kristjánsson, 2000; Shore & Klein, 2000; von
Mühlenen, Müller, & Müller, 2003).
von Mühlenen et al. (2003) offered one of the most compelling
alternative explanations for the results reported by Horowitz and
Wolfe (1998). They suggested that participants used a sit-and-wait
strategy during presentation of the dynamic displays. Under this
strategy, participants concentrate on only a small part of the dis-
play, and wait for a certain amount of time. If the target appears
within this time limit, they respond ‘‘present”, otherwise they re-
spond ‘‘absent”. This strategy results in similar search slopes for
absent and present trials, because the participants do not scan
the display. When von Mühlenen et al. (2003) forced participants
to use the sit-and-wait strategy, by making only a small part of
the search display visible, they reported performance in this
Fig. 1. Illustration of a moving display used in Experiment 1. Participants had to
search for a T. All items in a display moved with the same velocity in randomly
chosen directions.
2070 J. Hulleman / Vision Research 50 (2010) 2069–2079aperture condition to be very similar to that in a dynamic control
condition.
Although Horowitz and Wolfe (2003) dealt with some of the
criticisms, they fell short of a complete rebuttal of the challenges.
As a result, proponents of the role of IOR in visual search have seen
no reason to revise their position (e.g. Klein & Dukewich, 2006).
The acceptance of Klein’s (1988) proposal is also illustrated by
the central role that inhibition of return plays in some of the most
inﬂuential models of visual search. Without inhibitory tagging,
neither the Itti and Koch (2000) model, nor the Heinke and
Humphreys (2003) model would function properly. Both models
implement tagging by inhibiting the location of an item. The major
role of inhibition in these models is the prevention of persevera-
tions, in which only the two most salient items are selected alter-
natingly. Although parallel models (e.g. Eckstein, Thomas, Palmer,
& Shimozaki, 2000) by their very nature do not depend on IOR,
the location of an item is still crucial. The combination of the scores
on several feature dimensions into a single measure that is judged
against a criterion will only give the correct outcome when the
scores come from the same item. As such, the results from Horo-
witz and Wolfe (1998) posed a challenge to parallel models too.
Recently, Hulleman (2009) presented results that question the
role of inhibitory tagging in visual search. He used search displays
based on those used in Multiple Object Tracking (MOT) (Pylyshyn
& Storm, 1988). Items either remained static, or all items moved
with velocities of up to 10.8/s. Whenever items came too close
to each other, or reached the edge of a virtual bounding rectangle,
they collided elastically (i.e. items would move full speed towards
each other or the bounding rectangle until the collision and would
move full speed away from each other or the bounding rectangle
after the collision). The participants looked for a T amongst L’s.
Hulleman (2009) found that the search slopes for both target pres-
ent and target absent trials were independent of the velocity of the
items. Target present slopes remained around 17 ms/item and tar-
get absent slopes remained around 45 ms/item. This would not be
expected if locations are tagged: when items move away from the
tagged location, search should become less efﬁcient and yield stee-
per search slopes. Moreover, the error rates and overall reaction
times were very similar for the static and moving item conditions,
so none of the arguments ﬁelded against Horowitz and Wolfe
(1998) apply to Hulleman’s study. Hulleman (2009) suggested that,
at least partially, the same processes might be involved in search
amongst static items and search amongst moving items.
However, the data provided in Hulleman (2009) remain incon-
clusive. For instance, static and moving item trials were randomly
intermixed in Hulleman (2009). This might have prompted the par-
ticipants to use a general purpose strategy capable of dealing with
both static and moving items. Because the items might move, par-
ticipants refrained from the use of inhibitory tagging of locations,
even in the static item condition (although it is probably unlikely
that participants could not distinguish between static and motion
trials). Consequently, one might argue that the reaction times in
the static condition are slower with the mixed presentation than
they would be in a blocked presentation. A second objection is that
the inhibitory tag traveled with the item, rather than being applied
to the location of the item (Ogawa, Takeda, & Yagi, 2002). Indeed,
this has been the interpretation of the results of Hulleman (2009)
suggested by Wang, Zhang, and Klein (2010). A ﬁnal counter-argu-
ment is that the search process simply was not pushed to its limits
in Hulleman (2009). An increase in either the number of items in
the display or the difﬁculty of the search task might have revealed
a difference between the static and dynamic conditions.
Therefore, four experiments were designed to explore the limits
of the robustness of visual search against itemmotion. All four con-
tain several factors that should highlight any differences between
search amongst moving items and search amongst static items.Experiment 1 was a replication of Hulleman (2009), but with the
motion conditions blocked. In Experiment 2, large display sizes
of up to 36 items were used. In Experiment 3, the difﬁculty of
the search task was increased. Finally, in Experiment 4, partici-
pants performed a multiple target search.2. Experiment 1
2.1. Method
2.1.1. Participants
Fourteen students of Hull University (one male; one left-
handed; 18–41 years; average 21 years) participated in this exper-
iment. All students received course credit for their participation.
They were naïve to the purpose of the experiment.
2.1.2. Stimuli
T’s and L’s (0.96  0.96, white on black background) were ran-
domly positioned within a virtual rectangle (29.0  19.3). T’s and
L’s had four possible orientations: upright, or rotated: 90, 90 or
180. Minimum distance between items was 1.45. All items in a
display moved with identical velocity. Depending on the condition,
velocity was 0.0 or 7.2/s along a linear trajectory in a randomly
chosen direction. Motion sequences consisted of 400 frames. Each
frame was presented for 13.3 ms, yielding a maximum display
duration of 5333 ms. In every frame, all items were shifted the
appropriate number of pixels (0 and 2 for 0.0 and 7.2/s, respec-
tively). Whenever items reached minimum distance with another
item or reached the edge of the virtual rectangle, they bounced,
and their trajectory changed according to an elastic collision. This
means that there was no deceleration or acceleration phase. Before
the collision the items would be moving with 7.2/s towards each
other or the bounding rectangle and after the collision they would
move with 7.2/s away from each other or the bounding rectangle.
The direction of motion after the collision was determined by the
collision angle (see Fig. 1).
2.1.3. Procedure and design
Custom written C++-software presented stimuli and recorded
responses on a PC running Windows XP. Displays were presented
on a 19 in. monitor (Iiyama Vision Master Pro 454; 800  600,
75 Hz) controlled by a Geforce 6800 graphics card. After a
1000 ms blank display, a 0.5  0.5 ﬁxation cross was presented
for 500 ms in the center of the display. After offset of the ﬁxation
cross the search display was presented. Displays contained six,
12 or 18 items. The second factor was item speed: 0.0 and 7.2.
The task of participants was to search for a T (present on 50% of
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were fully crossed, yielding 3  2  2 = 12 cells for the analysis.
Every cell contained 50 trials, giving 600 trials in total.
The trials were blocked by velocity. Half of the participants
started with 0.0/s, the other half with 7.2/s. Each part of the
experiment started with 10 practice trials followed by 12 blocks
of 25 randomly ordered experimental trials. Participants used the
‘M’ and ‘Z’ key of a standard UK keyboard to indicate absent and
present. They used their preferred hand for present responses.2.2. Results
Results are shown in Fig. 2. Reaction times that were further
than 2.5 SD’s away from the cell mean (2.1%) were removed from
the analysis. All the remaining trials were used in the error analysis
and only correct trials were used in the reaction time analysis.
A 2  3  2 (velocity  display size  target) Greenhouse-Geis-
ser corrected repeated measures ANOVA on the reaction times
yielded signiﬁcant main effects of display size F(2, 26) = 123.5,
p < .001 and target F(1, 13) = 102.6, p < .001 and a signiﬁcant inter-
action between them F(2, 26) = 76.3, p < .001. Importantly though,
none of the effects involving velocity was signiﬁcant (all ps > .73).
A similar ANOVAon the error rates again yielded signiﬁcantmain
effects of display size F(2, 26) = 16.4, p < .001, target F(1, 13) = 27.6,
p < .001 and an interaction between them F(2, 26) = 19.7, p < .001.
However, as before, therewerenosigniﬁcant effects involvingveloc-
ity. Themain effect of velocity came closest F(1, 13) = 2.0, p < .18, all
other ps > .60.2.3. Discussion
The overlap in performance between the moving and the static
condition in Experiment 1 was almost complete. The search slopes
for the static and moving conditions were within 1 ms/item of each
other, and the largest difference in reaction time was about 25 ms,
with the moving condition being fastest. Because the motion con-
ditions were blocked, the results argue against the hypothesis that
the lack of inﬂuence of motion on search performance in Hulleman
(2009) was due to a general purpose mechanism active in both sta-
tic and moving item search. If a more efﬁcient search mechanism,
based on the tagging of locations, would have been available for
the participants in the static item condition, reaction times should
have been faster and search slopes should have been shallower.
The lack of a difference when the motion conditions were blocked
is reassuring, because an explanation based on a general purpose
mechanism would actually have complicated matters. Not only
would we still have to explain why this general purpose mecha-
nism is so robust against motion. We would also have to explain0.0°/s
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sual search.3. Experiment 2
So, Experiment 1 replicated the result reported in Hulleman
(2009) and showed that visual search is robust against motion in
the search items. This result is consistent with Ogawa et al.
(2002) who reported evidence (from four and eight item displays)
that inhibitory tags travel with moving items. Experiment 2 there-
fore tried to ﬁnd an upper limit for the number of moving items
that can be tagged. The maximum number of items in the search
display was increased to 36. This maximum number was based
on the results reported by Kristjánsson (2000). He found that there
was a marked increase in reaction times for randomly relocated
items for display sizes larger than 20. Larger numbers of items in
the moving item condition increase the probability of an item get-
ting stuck (either against the wall of the virtual rectangle or be-
tween other items). To prevent items from being brought to a
stand still, there was no required minimum distance between
them in Experiment 2. Instead, items where allowed to move
through each other. In the transparent condition both items would
remain visible, whereas in the occlusion condition one item would
cover the other (see Fig. 3).
3.1. Method
3.1.1. Participants
Twenty-seven students (10 male; three left-handed;
18–28 years, mean age 19.2 years for occlusion group (N = 12)
and 21.6 years for transparency group (N = 15)) participated in this
experiment. They were naïve to the purpose of the experiments.
3.1.2. Stimuli
The dimensions of the displays and the dimensions and orienta-
tions of the items used in Experiment 2 were the same as in Exper-
iment 1. As in Experiment 1, items bounced against the bounding
rectangle. However, there was no minimum distance between
the items, and they did not bounce of each other. Rather, they
would move through each other (see Fig. 3). There were two differ-
ent ways in which items would pass through each other. In the
transparent condition, items were drawn as lines. So, whenever
items came very close, both would be visible, but they could com-
bine into an item that was neither a T nor an L (e.g. a T and an L
could combine into a larger +, if the L would be located at the
top right of the T). The chance of these spurious item combinations
occurring increased with the number of items in the display. Be-
cause the spurious combinations might inﬂuence search rates7.2°/s
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increasing the target–distractor similarity, Duncan & Humphreys,
1989), a second condition was run. In the occlusion condition
(Fig. 3), a square area (1.2  1.2) would be erased before a search
item was drawn.
As a result, no spurious item combinations were possible, but
some items would only be part visible. Importantly, if there was
a target item in the display, it would always be in front. This meant
that the target item never was occluded, even in the static displays.
Maximum display duration was 5333 ms.
3.1.3. Procedure and design
The apparatus was the same as in Experiment 1; as was the
task. The experiment used display sizes of 6, 12, 18, 24, 30 and
36. There were two item speeds: 0/s and 7.2/s. The three within
subject factors (display size, item speed and target – present on
50% of trials) were fully crossed, so there were 6  2  2 = 24 cells.
There were 25 trials for each of the cells, yielding a total of 600 ran-
domly ordered trials. Number of practice trials, block size and re-
sponse mappings were the same as in Experiment 1.
3.2. Results
The results are shown in Figs. 4 (occlusion) and 5 (transparent).
The occlusion and transparent conditions were analysed together.
Trials where the participants failed to answer before presentation
of the ﬁnal frame (0.2% and 0.7% for occlusion and transparent,
respectively) were excluded from the analysis, as were reaction
times that were further than 2.5 SD’s away from the cell mean
(1.3% for occlusion and 1.8% for transparent). All of the remaining
data were used in the error analysis and correct trials were entered
in the reaction time analysis.
A four-way Greenhouse-Geisser-corrected ANOVA (with display
size, item speed and target as within and group (occlusion/trans-
parent) as between subjects factor) on reaction times, showed a
signiﬁcant three-way interaction between display size, item speed
and target F(5, 125) = 7.6, p < .001. Because of this interaction, the
analysis was split along the target dimension. A three-way ANOVA
(display size and item speed as within; group as between) on the
absent trials yielded signiﬁcant main effects for item speed
F(1, 25) = 59.2, p < .001 (slower reaction times for moving items);
display size F(5, 125) = 228.5, p < .001 (slower reaction times for
larger display sizes) and a signiﬁcant interaction between item
speed and display size F(5, 125) = 10.2, p < .001 (the reaction time
difference between static and moving was largest for display sizes
12–30). There was also a signiﬁcant interaction between itemspeed and group F(1, 25) = 9.4, p < .005, indicating that the effect
of item speed was smaller for the transparent group. None of the
other effects involving group was signiﬁcant (ps > .17), although
there was a trend towards faster responses in the transparent
group F(1, 25) = 3.8, p < .065.
A similar ANOVA on the present trials only found a signiﬁcant
effect of display size F(5, 125) = 233.1, p < .001 (slower reaction
times for larger display sizes). Neither the main effect of item
speed F(1, 25) = .88, p < .36 nor the interaction between item speed
and display size F(5, 125) = 2.4, p < .07 was signiﬁcant. None of the
effects involving group were signiﬁcant (all ps > .2, except
speed  group F(1, 25) = 3.6, p < .07).
A four-way ANOVA on the error rates found signiﬁcant effects of
display size F(5, 125) = 45.5, p < .001 (more errors for larger display
sizes); target F(1, 25) = 17.4, p < .001 (more errors for present tri-
als) and a signiﬁcant interaction between display size and target
F(5, 125) = 17.8, p < .001. But, importantly, none of the effects
involving item speed was signiﬁcant (all ps > .26). Nor were any
of the effects involving group (all ps > .10).3.3. Discussion
There was a performance advantage for static items, but only on
the absent trials. This held true for both the transparent and the
occlusion conditions of Experiment 2. This is slightly different from
the outcome of Hulleman (2009) and Experiment 1, where both
present and absent trials yielded similar performance for static
and moving items. However, the decrease in performance in absent
trials for the moving item displays is relatively small, whereas in
Kristjánsson (2000) there were large drops in performance in both
present and absent trials. Moreover, it is important to realize that
in Experiment 2 the moving item displays were different from the
static item displays (and from the displays used in Hulleman, 2009
and Experiment 1) in important ways. Whereas the latter con-
tained no luminance changes, this was not the case for the moving
item displays in the occlusion version of Experiment 2. Here, items
were covering and uncovering each other continuously, yielding
numerous onsets and offsets. These onsets and offsets (and the
overlapping in general) might have made participants more reluc-
tant to abandon search when they could not ﬁnd the target. So
rather than a change in performance, the effect of motion in the ab-
sent trials could simply indicate a conservative shift in the stop-
ping criterion (see also Chun & Wolfe, 1996). This notion receives
support from the fact that the difference in reaction times between
static and moving item displays is much less pronounced in the
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ible throughout.
There was an increase in false alarms for larger display sizes in
the transparent condition (see Fig. 5), whereas the false alarm rate
remained relatively constant for the occlusion condition. This in-
crease in false alarms could be due to spurious item combinationin the transparent condition. The chance of a spurious combination
of two distractors that might be mistaken for a target increased
with an increasing number of items.
Furthermore, there was no sign of a sudden drop in perfor-
mance for moving items when the display size exceeded 20 items.
Therefore, Experiment 2 failed to ﬁnd any evidence of an upper
Fig. 6. Illustration of the displays used in Experiment 3. Items are based on those
used in Müller and von Mühlenen (2000) and Ogawa et al. (2002). Participants had
2074 J. Hulleman / Vision Research 50 (2010) 2069–2079limit for the number of inhibitory tags available in visual search in
displays with up to 36 items.
In Experiments 1 and 2, the visual search process has been
remarkably resilient in the face of motion. On the one hand, this
could be taken to indicate that inhibitory tagging of locations or
items only plays a very limited role in improving search efﬁciency
(c.f. Horowitz &Wolfe, 1998). On the other hand, it could be argued
that Experiments 1 and 2 are consistent with the idea that the
inhibitory tags travel with the items (c.f. Ogawa et al., 2002) even
with large display sizes. However, under the latter interpretation it
should be possible to ﬁnd a difference between static and moving
items; either because the items outrun their tags or because the
search process runs out of tags. But given the display sizes and
velocity used in Experiment 2, neither situation seems easy to
achieve with search for a T amongst L.to establish whether there was a square with a smaller square in the left top corner
present in the display.4. Experiment 3
The most robust effects of IOR in visual search have been found
when the participants were forced to inspect each location for a
considerable amount of time, either by making the search task ex-
tremely difﬁcult (Müller & von Mühlenen, 2000, see also Klein &
MacInnes, 1999), or by slowly presenting a large number of cues
ahead of the search display (Snyder & Kingstone, 2007). This sug-
gests that it is possible to observe inhibitory effects in visual
search, but only when the search process is very prolonged. This
also holds true for moving items. Ogawa et al. (2002) reported evi-
dence for inhibitory tagging in displays where up to eight items
were moving randomly with 3.82/s. The search items used by
Ogawa et al. (2002) were very similar to those used in Müller
and von Mühlenen (2000). Consequently, the search slopes in Oga-
wa et al. (2002) were very steep: 220 ms/item for target absent tri-
als and 95.4 ms/item for target present trials.
With this in mind, Experiment 3 used items similar to Müller
and von Mühlenen (2000) and Ogawa et al. (2002). Any evidence
of a breakdown in the robustness against motion in Experiment
3 would allow an upper limit to be put on the number of moving
items that can be tagged. This in turn should enable a better under-
standing of the results of Experiments 1 and 2.
4.1. Method
4.1.1. Participants
Eight students (one male; all right-handed; 18–37 years, mean
age 22 years) participated in this experiment. They were naïve to
the purpose of the experiments.
4.1.2. Stimuli
The behaviour of the items in the displays was the same as in
Experiment 1. However, the items themselves were white squares
(0.96  0.96) with a smaller square (0.48  0.48) in one of the
four corners (see Fig. 6). Depending on the condition, velocity
was either 0.0/s, 3.6/s or 7.2/s. The maximum display duration
was increased to 6666 ms.
4.1.3. Procedure and design
The apparatus was the same as in Experiments 1 and 2. The task
of participants was to search for a square with the smaller square
in the top left corner. The other three kinds of squares were used as
distractors. The experiment used display sizes of 6, 12, and 18.
There were three item speeds: 0/s, 3.6/s and 7.2/s. The target
was present on half of the trials. The three within subject factors
(display size, item speed and target) were fully crossed, so there
were 3  3  2 = 18 cells. There were 25 trials for each of the cells.
This yielded a total number of 450 trials. Response mapping andnumber of practice trials were the same as in the previous
experiments.
4.2. Results
The results are shown in Fig. 7. Trials where the participants
failed to answer before presentation of the ﬁnal frame (3.3%) were
excluded from the analysis, as were reaction times that were fur-
ther than 2.5 SD’s away from the cell mean (0.7%). All of the
remaining data were used in the error analysis and correct trials
were entered in the reaction time analysis.
A three-way Greenhouse-Geisser corrected within subjects AN-
OVA (item speed  display size  target) yielded signiﬁcant main
effects for item speed F(2, 14) = 5.0, p < .04 (fastest reaction times
for static items: 3156 ms vs. 3277 ms for 3.6/s and 3378 ms for
7.2/s), display size F(2, 14) = 166.9, p < .001 (slower reaction times
for larger display sizes) and target F(1, 7) = 182.6, p < .001 (slower
reaction times for absent trials). There was also an interaction be-
tween display size and target F(2, 14) = 71.2, p < .001. However,
none of the interactions involving item speed was signiﬁcant
(Fs < 1.3, ps > .32).
A similar ANOVA on the error rates found a signiﬁcant three-
way interaction between item speed, display size and target
F(4, 28) = 4.1, p < .02. Because of this interaction, the analysis was
split along the target dimension. For the absent trials, a two way
(item speed  display size) within subjects ANOVA yielded no sig-
niﬁcant results (Fs < 1.6, ps > .25. On the other hand, in a similar
item speed  display size ANOVA for the present trials there were
signiﬁcant main effects of item speed F(2, 14) = 9.0, p < .001; dis-
play size F(2, 14) = 35.2, p < .001 and an interaction between the
two F(4, 28) = 3.6, p < .03. Planned comparisons showed that there
were signiﬁcantly more errors for item speed 7.2/s than for 0.0/s
in present trials with 18 items: t(7) = 3.8, p < .007, whereas this dif-
ference in errors failed to reach signiﬁcance for display size 6:
t(7) = 0.56, p < .60. No other t-tests were conducted.
4.3. Discussion
Search was deeply serial in the static and the two moving con-
ditions: slopes for target present trials were around 100 ms/item,
and around 210 ms/item for target absent trials. These slope values
are very similar to those found by Ogawa et al. (2002). Given the
difﬁculty of the search task, the difference in reaction times be-
tween static and moving item conditions is surprisingly small.
However, this does not mean that performance was similar for
all conditions. On the contrary, when the error rates are taken into
account, it becomes clear that performance was worse when the
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larity in reaction times was therefore the result of a speed-accu-
racy trade-off. Participants terminated (or were forced to
terminate) their search before they had established whether the
target was present.
It should be noted that even for the static item condition there
was a considerable jump in missed targets when the display size
increased from 6 to 12. This would seem to indicate that even
when the items remained at their location, search efﬁciency was
markedly impaired beyond six items. Given the evidence for inhib-
itory tagging provided by Müller and von Mühlenen (2000), this
probably should be taken as an indication that the search process
started to run out of tags when there were more than six items
in the display and that previously visited items were reinspected.
As a consequence, more searches were terminated based on the
time spent searching (Chun & Wolfe, 1996), resulting in a concom-
itant increase in the number of errors for present trials.
It seems unlikely that difference in performance between static
and moving items in Experiment 3 was due to the fact that the
items bounced of each other. The L’s and T’s used in Hulleman
(2009) and in Experiment 1 behaved in an identical manner as
the search items used in Experiment 3. Yet in Hulleman (2009)
and Experiment 1, there was no difference in performance for ex-
actly the same display sizes and item velocities. The critical ele-
ment in Experiment 3 seems therefore the nature of the search
elements themselves, and the search behaviour that they impose
on the participants: effortful item-by-item inspection.
However, it could be argued that the drop in performance for
the moving items in Experiment 3 simply reﬂects reduced percep-
tual quality, rather than any limits on inhibitory tagging of individ-
ual moving items. The faster the items move, and the more items
there are, the more difﬁcult it may become to distinguish between
targets and distractors, especially for a distinction as difﬁcult as the
one used in Experiment 3.
5. Experiment 4
Experiment 4 was run to test the role of reduced perceptual
quality. The difﬁculty of the search task in Experiment 3 forced
the participants to process the items one by one. Experiment 4 dis-
sociated the need to individuate items on the one hand and the dif-ﬁculty of distinguishing between targets and distractors on the
other by using a task where the participants had to search for mul-
tiple, identically oriented T’s amongst distractor L’s. In this task
(introduced by Horowitz and Wolfe (2001)), the distinction be-
tween target and distractor is easy (as is evidenced by the search
slopes in Experiment 1), but the need to distinguish between
individual items is still present, to prevent the double counting
of targets (see McCarley et al., 2006). Therefore, if the drop in per-
formance in Experiment 3 was indeed caused by a limit on the
number of items that can be tagged individually, we would expect
a similar drop in the multi-target experiment. If, on the other hand,
the drop in performance in Experiment 3 was due to a reduction in
perceptual quality, then we would not expect to see any effect of
motion in Experiment 4, since Experiment 1 has shown that the
distinction between T’s and L’s does not become more difﬁcult
when the item velocity is increased to 7.2/s.
5.1. Method
5.1.1. Participants
Sixteen students (three male; one left-handed; 18–21 years,
mean age 19 years) participated in this experiment. They were
naïve to the purpose of the experiments.
5.1.2. Stimuli
The items and their behaviour were the same as in Experiment
1. The L’s had four possible orientations: upright, or rotated: 90,
90 or 180. This was also the case for the T’s, but within a single
trial, all T’s had the same orientation. The maximum display dura-
tion was 5333 ms (see Fig. 8).
5.1.3. Procedure and design
The same apparatus was used as in Experiment 1. After a
500 ms blank display, the number 5 (in Arial 48 pt.) was presented
for 1000 ms in the center of the display. After offset of the number
the search display was presented.
The task of participants was to establish whether the number of
T’s in the display was at least equal to 5. There were three within
subject factors. The ﬁrst factor was velocity (0.0 and 7.2/s). The
second factor was display size, with either 12 or 18 items in the
display. The third was the number of targets in the display. This
Fig. 8. Illustration of the displays used in Experiment 4. Participants had to
establish whether there were at least ﬁve T’s present. All T’s within a single display
always had the same orientation.
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factors (velocity, display size and targets) were fully crossed, so
there were 2  2  6 = 24 cells. There were 20 trials per cell, yield-
ing 480 trials in total.
The velocity factor was blocked, with half of the participants
starting with the 0.0/s condition and the other half starting with
the 7.2/s condition. Each half of the experiment started with 10
practice trials followed by 10 blocks of 24 randomly ordered exper-
imental trials. Response mapping was the same as in the previous
experiments.
5.2. Results
The results are shown in Fig. 9. Trials where the participants
failed to answer before presentation of the ﬁnal frame (0.6%) were
excluded from the analysis, as were reaction times that were fur-
ther than 2.5 SD’s away from the cell mean (1.1%). All of the
remaining data were used in the error analysis and correct trials
were entered in the reaction time analysis.
A 6  2  2 (targets  display size  velocity) Greenhouse-Geis-
ser corrected repeated measures ANOVA on the reaction times
yielded signiﬁcant main effects of targets F(5, 75) = 79.5, p < .001
and display size F(1, 15) = 99.3, p < .001. There were also signiﬁcant
two-way interactions between targets and display size F(5, 75) =
35.9, p < .001 and between targets and velocity F(5, 75) = 3.4,
p < .03. None of the other effects involving velocity was signiﬁcant
(ps > .2). Because of the two-way interactions, the analysis was split
into six separate 2  2 ANOVA’s for each of the levels of targets. As
expected, all of them found signiﬁcant effects of display size (all
ps < .002). However, none of them found either a signiﬁcantmain ef-
fect of velocity (all ps > .20) or a signiﬁcant interaction between
velocity and display size (all ps > .24, with the exception of four tar-
gets F(1, 15) = 4.2, p < .06). The interaction between targets and
velocity is therefore probably due to the fact that overall reaction
timesare sometimesabit faster for 7.2/s (e.g. threeand four targets)
and sometimes a bit faster for 0.0/s (e.g. ﬁve and six targets) with-
out this becoming manifest at the level of a particular number of
targets.
A similar 6  2  2 ANOVA on the error rates yielded a different
picture though. There were signiﬁcant main effects of targets
F(5, 75) = 44.0, p < .001; display size F(1, 15) = 20.3, p < .001 and
velocity F(1, 15) = 15.8, p < .002. Moreover, there were signiﬁcant
two-way interactions between number of targets and display size
F(5, 75) = 13.1, p < .001 and between number of targets and veloc-
ity F(5, 75) = 9.7, p < .001. The two-way interaction between dis-
play size and velocity F(1, 15) = 4.5, p < .06 and the three-way
interaction between targets, display size and velocity F(5, 75) =
2.4, p < .10 also approached signiﬁcance. Again, the analysis wassplit into six separate 2  2 ANOVA’s. For two targets, there were
no signiﬁcant effects (all ps > .32). For three targets, there was a
main effect of display size F(1, 15) = 8.2, p < .013, but no effects
involving velocity (ps > .41). For four targets, there were signiﬁcant
main effects of display size F(1, 15) = 35.1, p < .001 and velocity
F(1, 15) = 10.6, p < .006 and a signiﬁcant interaction between them
F(1, 15) = 7.5, p < .016. For ﬁve targets, there was a signiﬁcant main
effect of velocity F(1, 15) = 16.9, p < .001 but no other effects
(ps > .33). For six targets, there were main effects of display size
F(1, 15) = 5.2, p < .04 and velocity F(1, 15) = 5.4, p < .04 but no
interaction between them F(1, 15) = 1.9, p < .20. Finally, for seven
targets, there was again only a main effect of velocity
F(1, 15) = 8.4, p < .012 and no other effects (ps > .36).5.3. Discussion
The results of Experiment 4 are illuminating. When there were
only two or three targets in the display, there was no difference in
performance between the moving and the static item conditions.
However, when there were four or more targets, there were clear
effects of motion. Especially in the conditions where the number
of targets in the display was very close to the required number
of ﬁve, performance was worse when the items were moving.
As pointed out above, the fact that motion decreases perfor-
mance in Experiment 4 argues against the idea that it is a reduction
in the perceptual quality due to the motion that is responsible for
this decrease (both here and in Experiment 3). If a difﬁculty in dis-
tinguishing between T and L would have been responsible for the
results of Experiment 4, this should have led to decreased perfor-
mance in Experiments 1 and 2 as well, since the same distinction
had to be made there. However, there was no such decrease in
Experiments 1 and 2.
The effect of motion on performance in Experiments 3 and 4
provides support for the use of inhibitory tagging of items (both
moving and static) in visual search where it is important to distin-
guish between individual items. Moreover, the lack of difference
between the static and the 3.6/s condition in Experiment 3, and
a similar lack of difference between static and 7.2/s in the two
and three target condition of Experiment 4 conﬁrm Ogawa’s
et al. (2002) and Wang et al.’s (2010) suggestion that inhibitory
tags are object based and travel with the item. However, Experi-
ments 3 and 4 also show that the tagging process starts to break
down at higher item velocities and larger numbers of items to tag.
Most importantly, the outcomes of Experiments 3 and 4 provide
clear evidence that there is a difference between the search
processes involved when it is important to distinguish between
individual items and those involved in the easier search of Exper-
iments 1 and 2. Had the search processes been identical, there
would have been a similar breakdown of search for the largest dis-
play sizes and highest velocities in Experiments 1 and 2.
So, different mechanisms have to have been at work in Experi-
ments 1 and 2 on the one hand and Experiments 3 and 4 on the
other.6. General discussion
In the experiments reported here, visual search has shown a
surprising robustness against motion of the items. Even when
searching for a T amongst up to 35 L’s (Experiment 2), there was
just a small difference between the static and the moving item con-
ditions. Only when search became very difﬁcult in Experiment 3
there was a drop in performance due to item motion, and even
here, the difference only became really manifest for the largest dis-
play size and the highest velocity. Similarly, in Experiment 4 there
was drop in performance due to motion for larger numbers of
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ory of visual search will have to incorporate. None of the experi-
ments reported here supports the notion that inhibition in visual
search is limited to the location of the items. Even in Experiment
3 and Experiment 4, there was limited robustness against motion.
Nevertheless, Experiments 3 and 4 did ﬁnd a distinction be-
tween static and moving conditions whereas Experiments 1 and
2 failed to do so. Because Experiment 2 used more search items
than Experiment 3, the conclusion has to be that there is a differ-
ence in the search processes that were active. If the same mecha-
nism would have been active, there should have been effects of
motion in Experiment 2 as well. The difference between Experi-
ments 2 and 3 echoes the suggestion of Sung (2008) that the nature
of the search process (serial vs. parallel) depends on the difﬁculty
of the search task, with search going from serial to parallel when
the difﬁculty is reduced.
The search slopes in Experiment 3 are commensurate with
sequential foveation of the items. Therefore, it would seem that
some of the IOR-effects in visual search that have been reported
previously are the consequence of item-by-item inspections. For
instance, Müller and von Mühlenen (2000) used essentially the
same stimuli as those in Experiment 3 when they found evidence
for inhibitory tagging in their probe studies. Ogawa et al. (2002)
also used these stimuli when they reported IOR-effects in their
study of moving items. In a further demonstration of the role of
IOR in visual search, Klein and MacInnes (1999) used ‘‘Where’s
Waldo” pictures, which also force participants into effortful inspec-
tion of small details. In Experiment 4 too, participants were forcedto tag individual items because only location distinguished be-
tween the target items, and here too, there was a drop in perfor-
mance for the moving item condition.
The inhibitory tagging mechanism of individual items has only
limited robustness against motion of the items. When the items
move slowly (3.6/s) or when only a small number of individual
items needs to be tagged, search is relatively unimpeded, but for
faster speeds and larger numbers items this robustness breaks
down. Because a mechanism operating on an item-by-item basis
is not robust against motion (Experiments 3 and 4) it follows that
any mechanism active in Experiments 1 and 2 must have been
operating above the level of individual items.
There have already been several proposals that would seem to
be capable of implementing this kind of mechanism. For instance,
Pashler (1987) proposed a search process with a serial component
for the selection of clumps of items and parallel processing of the
items inside the clump (see also Sung, 2008). By its very nature,
this process would work above the level of individual items. Simi-
larly, Palmer, Verghese, and Pavel (2000) proposed their sequential
independent decisions theory, which combined multiple ﬁxations
with parallel processing within ﬁxations.
A mechanism along these lines would seem to have built-in
robustness against motion, because rather than processing the
whole display for the entire duration of the trial, it would divide
the search display into several regions that are processed sequen-
tially for a shorter time, limiting the impact of motion. Moreover,
parallel processing within a ﬁxation has the added advantage that
re-inspecting an item or two from a previous ﬁxation will be much
2078 J. Hulleman / Vision Research 50 (2010) 2069–2079less detrimental to search efﬁciency. This yields further robustness
against motion. Only re-inspection of previously attended regions
has to be avoided. Building on these foundations, a candidate
mechanism to explain the robustness observed in Experiments 1
and 2 would therefore seem to need three major components:
(1) Scan path planning and memory.
(2) A ﬁxed and short attentional dwelling time.
(3) Parallel processing of items.
6.1. Scan path planning and memory
Support for this ﬁrst component comes from McCarley, Wang,
Kramer, Irwin, and Peterson (2003), who argued for a memory size
for eye movements of about three to four. Moreover, Peterson,
Beck, and Vomela (2007) suggested that not only the memory of
eye movements, but also the planning of the eye movements (pro-
spective memory) plays a role in avoiding revisits of already in-
spected locations. Importantly, Peterson et al. (2007) suggested
that both prospective and retrospective memory might be based
on regions of space, rather than on individual items. This ﬁts well
with the idea of simultaneous processing of items.
It should be noted that eye movements are not necessary for
successful search, at least not when the items remain static. Zelins-
ky and Sheinberg (1997) found that preventing the participants
from making saccades did not dramatically reduce search perfor-
mance. So, rather than eye movements per se, planning and mem-
ory could probably also be based on slow attentional shifts (cf. the
attentional saccades in Horowitz, Holcombe, Wolfe, Arsenio, &
DiMase, 2004).
Implementing the avoidance of re-inspections at the level of eye
movements or slow attentional shifts (a suggestion also made by
Najemnik and Geisler (2008)) does not necessarily mean that it
should be possible to ﬁnd inhibition of probes at empty locations
inside previously attended regions. First, it might be that most of
the avoidance of re-inspections of regions is actually due to the
planning of the scan path. Second, there is at least one instance
of a mechanism where inhibition was only applied to items during
simultaneous processing: Müller, von Mühlenen, and Geyer (2007)
reported inhibition of static items and not of empty locations in
their probe study of parallel search.
6.2. Fixed and short dwelling time
Evidence for this second component comes from studies of
attentional dwell time. Estimates of ﬁxation duration are around
200–250 ms (e.g. Gilchrist & Harvey, 2000) and similarly sized esti-
mates of attentional dwell time have been proposed (e.g. Theeu-
wes, Godijn, & Pratt, 2004). Although ﬁxation durations might
increase in response to the difﬁculty of the search task (Hooge &
Erkelens, 1996) the size of this increase is limited. Moreover, when
only a small number of saccades (<10) is made, ﬁxation duration
remains fairly constant throughout a trial (Over, Hooge, Vlaskamp,
& Erkelens, 2007). The estimate of 200–250 ms is in the same re-
gion as the search slopes in the experiments were inhibitory tag-
ging of items has been reported (e.g. Müller & von Mühlenen,
2000). A short dwell time would considerably reduce the difﬁculty
of achieving robustness against motion. Even for higher velocities,
items will not move too far in a 200–250 ms interval.
6.3. Parallel processing of items
Evidence for this third component comes from the recent work
by Thornton and Gilden (2007) (but the case for parallel processing
in visual search has been made by many others before them: e.g.
Eckstein et al., 2000; Palmer et al., 2000). Thornton and Gilden(2007) performed an extensive modeling study, and suggested that
most visual searches (for instance, T amongst L’s) are best de-
scribed by parallel search mechanisms. If this is correct, only a lim-
ited number of ﬁxations or attentional dwellings would be needed
to search a display, reducing the difﬁculty of planning or remem-
bering the scan path. Although parallel processing improves
robustness against motion, the problem of how a parallel process
combines the features of moving items still remains to be solved.
As pointed out in the introduction, current versions of parallel
models (e.g. Eckstein et al., 2000) assume items remain at their
location when features are combined.
The mechanism sketched out above is speculative, but some
other explanations for the robustness of visual search against mo-
tion do not provide proper alternatives. Two of the most obvious
candidates would be (i) Horowitz and Wolfe’s (1998) original pro-
posal that visual search does not use inhibitory tagging at all and
(ii) the inhibitory mechanism active in MOT. The ﬁrst dispenses
with inhibitory tagging, whereas the second is capable of mass-
inhibition of items.
There is no real contradiction between Horowitz and Wolfe’s
(1998) account and the mechanism sketched out above. Partici-
pants do make saccades when confronted with search displays that
yield search slopes comparable with those in Experiment 2 (e.g. Ze-
linsky & Sheinberg, 1997). Therefore, Horowitz and Wolfe’s
memoryless mechanism could be operating during a ﬁxation,
whereas there is memory at the level of ﬁxated areas (as suggested
by Experiments 3 and 4).
Inhibitory mechanisms have been reported in MOT-displays
(e.g. Pylyshyn, 2006; Pylyshyn, Haladjian, King, & Reilly, 2008).
However, there are some compelling differences between MOT-
tasks and visual search tasks. In MOT, the targets are clearly
marked out at the start of each trial. When the tracking period be-
gins, the target set becomes indistinguishable from the distractor
set. So, the difference between targets and distractors is made
available when the trial starts, and the task is to keep this differ-
ence intact. But in visual search it is exactly the other way around.
At the start of the trial all items are potential targets, and the task is
to establish a distinction between the target and the distractors.
Therefore, whereas in MOT all distractors can be rejected simulta-
neously at the start of the trial, this is not the case for visual search.
This makes it unlikely that there is a shared inhibition mechanism.7. Conclusion
This paper argues that there is a difference between the search
processes employed in very difﬁcult visual search, where distinc-
tions need to be made at the level of the individual item, and easier
search, where it is possible to process several items simulta-
neously. Very difﬁcult search has only limited robustness against
motion, whereas motion does not really inﬂuence easier search.
Most models of visual search implement very difﬁcult search, since
they seem to deal with search displays on an item-by-item basis
(e.g. Heinke & Humphreys, 2003; Itti & Koch, 2000; Wolfe, 1994,
but see Najemnik & Geisler, 2008 and Zelinsky, 2008). Neither
the limited robustness observed in Experiments 3 and 4, nor the
extensive robustness found in Experiments 1 and 2 is easily han-
dled by these models.
The search mechanism sketched out above is a ﬁrst attempt to
formulate speciﬁcations for a model that would be capable of
describing the robustness of visual search against motion found
in easier search. Some major questions still need to be answered,
though. For instance, the guidance of the saccades and the exact
way that the items are processed in parallel would have to be char-
acterized before a computational model can be formulated. Never-
theless, the mechanism is a ﬁrst step providing an account why
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